Methods
The enzyme preparation, an ultracentrifuge fraction containing cell membranes and sarcotubular structures, 6 -9 was made as follows. Fresh guinea pig atria or ventricles were minced and homogenized in ten volumes of cold 0.25 mole sucrose buffered to pH 7.4 with Tris-CL Homogenization was done in an all glass Potter-Elvehjem homogenizer for less than two minutes. The homogenate was then centrifuged at 0°C in a Spinco model L ultracentrifuge at 25,000 g for 30 minutes to remove nuclei, mitochondria, and myofibrils. The supernatant was recentrifuged at 100,000 g for 90 minutes to bring down as much of the remaining membranous structures as possible. The sediment was resuspended in sucrose and recentrifuged at 100,000 g. This final sediment, which will hereafter be referred to as the enzyme preparation, was stored at -20°C until use. At this temperature die enzyme maintained its activity for several weeks. One satisfactory enzyme preparation was obtained from commercially available frozen guinea pig hearts.
Enzyme activity was measured by the production of inorganic phosphate from ATP. All experiments were performed at pH 7.4 using Tris-Cl as buffer. 0.2 mM/liter EDTA was added to every mixture to bind whatever quantity of Ca was present in the enzyme preparation, except when the effect of added Ca was being studied. Optimum concentrations of Mg and of Tris-ATP • for maximal enzyme activity were determined. For experiments on the effects of varying concentrations of NaCl, KC1, and CaCl 2 the Mg concentration was 1.2 mM/liter. The reaction mixture was allowed to warm and mix for 15 minutes at 37°C in a Dubnoff shaker. 3 nun/ liter Tris-ATP were added and the reaction allowed to proceed for 30 minutes. The reaction was stopped with 0.1 ml of 100% trichloracetic acid. Samples were analyzed for inorganic phosphate by the method of B.B. Marsh.
10 All determinations were performed in duplicate. Part of the 100,000 g sediment was washed and fixed for 1.5 hours in 1% osmium tetroxide buffered with s-collidine. It was then dehydrated by increasing progressively the concentration of ethyl alcohol, and was embedded in 70-30 butylmethyl rnethacrylate. Several sections were stained with uranyl acetate.
Results
Electron micrographs ( fig. 1 ) of the enzyme preparation (the sediment after centrifugation at 100,000 g) demonstrate sarcotubular and membranous structures as described by others; 0 " 9 some cytoplasmic granules were also present. No nuclei, mitochondria, or myofibrils were seen. ATpase activity could be demonstrated in the presence of either Mg or Ca, but maximum stimulation with Mg was six to eight times greater than with Ca. In the presence of Mg, Ca inhibited the enzyme, usually to less than 20$ of maximal activity. Optimal Mg concentration was between 1 and 3 mM/liter and optimal Tris-ATP concentration was 3 mM/liter ( fig. 2 ). Increased quantities of ATP markedly depressed ATPase activity. In the presence of optimal concentrations of ATP and Mg alone, ATPase activity was in the range of 10 to 22 /xMlVmg protein/hr. Figure 3 shows the effect of addition of NaCI alone on the ATPase activity. In this graph, and also in figure 4 , each line represents a separate experiment, each on a different enzyme preparation, to show typical results. Maximal stimulation by a factor of 1.5 to 2 occurred at Na concentrations of 8.5 to 25.5 mM/liter. In each experiment activity was lower with 4.25 mM/liter NaCl than without NaCl. The upper part of the figure demonstrates the effect of increasing NaCl in the presence of 34 mM/liter KCI. Again, maximal activity occurred withNa concentrations of 8.5 to 25.5 mM/liter. The one decrease in activity with 4.25 mM/liter NaCI is probably not significant, considering the results of the two other experiments. Optimal Na and K concentrations produced an overall stimulation of about 2:1. 5 ). This inhibition occurred only in the presence of Na and K ions, and tended to increase with increasing concentrations of the ions (table 1) . With high concentrations of both ions and strophanthidin, enzyme activity was often lower than in the control medium containing only Mg.
Discussion
The present work has demonstrated that an ATPase is present in the membrane-sarcotubular fraction of guinea pig myocardial tissue. This ATPase requires Mg for activity and is stimulated by both Na and K. In addition it is markedly inhibited by the cardiac glycosides. It seems likely that this enzyme activity is similar to the one described by Skou, Post, and others. Comparison with the maxima] activity of the enzyme preparations of other investigators is difficult to make because they did not regularly make protein determinations. Muscatello et al. 8 report Mg stimulated ATPase activity up to 35 /AMP|/hr/mg protein in an ultracentrifuge fraction of skeletal muscle, and Jarnefelt 11 found activity as high as 42 /zMPi/hr/mg protein. The enzyme activity found in heart muscle in the present experiments seems quantitatively similar to that in skeletal muscle. The ratios of maximal activity of the enzyme with Mg, Na, and K to activity with Mg alone in the present experiments were rarely more than 2. This is approximately the ratio found by Post et al. 8 for RBC enzyme, but is far less than the ratios of 5 to 10 found in nerve by Skou. 2 Muscatello et al. 8 did not study Na and K stimulation of the ATPase activity of their skeletal muscle fraction. Jarnefelt u measured only the effect of one concentration of Na without K, finding a 323! stimulation. If the cytoplasmic granules (seen by electron microscopy) or other nonmembrane components of this preparation contained an ATPase that is not stimulated by Na and K, then that might be responsible for the larger amount of the total enzyme activity found in these experiments. In heart muscle both Na and K CircuUlio* Risurch, Vol. XV, Dtctmitr 1964 were found to stimulate the enzyme when added alone to the Mg containing medium. This is different from Skou's results, 1 ' 2 where K without Na was not stimulatory, and from those of Post et al., 3 where neither Na nor K would stimulate the enzyme alone. An explanation for the small, consistent decrease of activity with low concentrations of Na or K alone is not apparent, but this finding can also be noted in some of the experiments reported by Post et al. 8 The cellular fraction studied here is similar in many respects to preparations of relaxing factor by Hasselbach et al. 18 and Ebashi et al.° Both the Na-K stimulated ATPase and the relaxing factor seem to be associated with the sarcotubular system. The dependence of both systems on ATP and Mg also suggests a relationship; however, studies of Na and K dependence of the calcium binding capacity of the relaxing factor have not been made. Ebashi 0 studied the different effects of desoxycholate and freezing on the Ca binding characteristic and ATPase activity (with Mg and K at pH 6.8) and suggests that they are separate systems.
The inhibition of cardiac ATPase by glycosides is shown in figure 5 and in table I. Maximal inhibition did not occur until the high concentration of 10~4 M was used; however, the half maximal inhibitory concentration was 10~° M. This is a higher concentration than that reported for RBC, 3 which was 10~7 M. If the cardiac muscle enzyme had been sensi-
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tive to very small amounts of strophanthin, the possible relationship between ATPase inhibition and the physiologic action of the glycoside would have been supported. The concentration of glycoside found in heart muscle undergoing an inotropic effect is in the range of 10~8 M.
12 Since the glycoside is probably bound to the cellular structures for its activity in vivo, the extensive disorganization of the subcellular particles produced by cell rupture might be expected to interfere with molecular interaction between the enzyme and the glycoside. The higher concentrations of the glycoside that are required in vivo would not, then, exclude the possibility that digitalis does act at this site. It is possible that if the activity of this enzyme were a rate-limiting step in the transport process, then an inhibition of the magnitude shown here (-•-25%) could play a significant role in controlling the functional properties of the tissue. An argument against inhibition of membrane ATPase as the mode of action of digitalis is the recent report by Tuttle et al.
14 that the changes of K fluxes produced by ouabain were not correlated with its inotropic action.
In these experiments we found that the glycosides inhibit selectively that enzyme activity which is stimulated by Na and K (table 1), as described by other workers. 5 However, the per cent of total activity that was inhibited increased with increasing concentrations of Na and K. At high concentrations of these ions, strophanthidin reduced enzyme activity below control levels. This unexpected result could, perhaps, be explained as inhibition by high concentrations of Na and K of the control ATPase enzyme (that activity found in the absence of Na and K).
The presence in cardiac muscle of an ATPase that is inhibited by the cardiac glycosides supports the concept that this enzyme system may be involved in the membrane transport of Na and K, and that it might be located at the site of action of digitalis. It remains to be shown, however, how this action could lead to its inotropic effect Further study of this ATPase may be useful, especially if the residual nonmembrane components can be removed more completely than in the present experiments.
Summary
An adenosine triphosphatase (ATPase) was prepared from guinea pig heart muscle membranes. It was found to require magnesium for activity, and to be stimulated by the presence of sodium and potassium ions. The ATPase was partially inhibited by strophanthin at concentrations of the order of 10"°M . The results confirm the observations of Auditore and Murray. The physiological relaxing factor produced by muscle granules. Biochem. Biophys. Acta 43: 223, 1960. 14. TuTTLE, R. S., Wrrr, P. N., AND FAHAH, A.:
Therapeutic and toxic effects of ouabain on K + flaxes in rabbit atria. J. Pharmacol. Exptl. Therap. 137: 24, 1962. 
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